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How glutaminyl-tRNA synthetase selects glutamine
Virginia L Rath1†, Laura F Silvian1, Barbro Beijer2, Brian S Sproat2 and 
Thomas A Steitz1,3*
Background: Aminoacyl-tRNA synthetases covalently link a specific amino
acid to the correct tRNA. The fidelity of this reaction is essential for accurate
protein synthesis. Each synthetase has a specific molecular mechanism to
distinguish the correct pair of substrates from the pool of amino acids and
isologous tRNA molecules. In the case of glutaminyl-tRNA synthetase (GlnRS)
the prior binding of tRNA is required for activation of glutamine by ATP. A
complete understanding of amino acid specificity in GlnRS requires the
determination of the structure of the synthetase with both tRNA and
substrates bound.
Results: A stable glutaminyl-adenylate analog, which inhibits GlnRS with a Ki
of 1.32 m M, was synthesized and cocrystallized with GlnRS and tRNA2Gln. The
crystal structure of this ternary complex has been refined at 2.4 Å resolution and
shows the interactions made between glutamine and its binding site.
Conclusions: To select against glutamic acid or glutamate, both hydrogen
atoms of the nitrogen of the glutamine sidechain are recognized. The hydroxyl
group of Tyr211 and a water molecule are responsible for this recognition; both
are obligate hydrogen-bond acceptors due to a network of interacting
sidechains and water molecules. The prior binding of tRNAGln that is required
for amino acid activation may result from the terminal nucleotide, A76, packing
against and orienting Tyr211, which forms part of the amino acid binding site.
Introduction
The ability to discriminate among amino acids, which may
differ by only a single atom, is one of the many require-
ments for faithful translation of the genetic code. Aminoa-
cyl-tRNA synthetases (RSs) are designed to recognize
subtle differences in an amino acid’s shape or chemical
signature. Some synthetases discriminate between amino
acids by forming a network of interactions between the
amino acid and its specificity pocket, as has been explic-
itly shown in CysRS and TyrRS [1–3]. Once identified,
the correct amino acid is first activated by ATP to form
the aminoacyl-adenylate and is then transferred to the
3¢ -terminal nucleotide of the tRNA. The mechanism by
which glutaminyl-tRNA synthetase (GlnRS) recognizes
tRNAGln and ATP is well established [4–6]; the mecha-
nism by which GlnRS recognizes glutamine and discrimi-
nates against glutamic acid or asparagine is not.
The basic problem in achieving specificity is the rejection
of substrates that are nearly isosteric with the correct sub-
strate. Asparagine is smaller than glutamine by one meth-
ylene group but shares the same chemical properties;
glutamic acid is approximately isosteric with glutamine
but has differing hydrogen-bonding potential. There is no
evidence to indicate that GlnRS discriminates among
similar amino acids via a functionally independent editing
site, as is the case for IleRS, ValRS, and LeuRS [7,8].
Instead, the specificity of the enzyme for glutamine is
most likely to be the result of differences in the binding
affinities of various amino acids and/or their orientations
when bound.
In order to discriminate between amino acids on the basis
of binding, the difference in their affinities must be at least
as great as the observed accuracy of amino acid selection,
estimated at one error out of 10,000–100,000 amino acids
bound [9,10]. As the pKa of glutamic acid is approximately
four [11], one out of 1000 glutamic acid carboxylates will be
protonated at physiological pH. This is 10–100 times
greater than the observed error rate. Thus, to achieve a
higher level of specificity in distinguishing between gluta-
mine and glutamic acid sidechains, GlnRS must discrimi-
nate between the singly protonated oxygen of glutamic
acid and the doubly protonated nitrogen of glutamine. 
Crystallographic studies of two class I synthetases (TrpRS
and TyrRS) and four class II enzymes (AspRS, HisRS,
LysRS and SerRS) have elucidated the structural details
of amino acid or adenylate recognition by these enzymes
[12–17]. Class I and class II synthetases differ in their
structurally conserved catalytic domains, formed by either
a Rossmann fold (class I) or a seven-stranded b sheet
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bordered by a helices (class II) [4,18,19]. The general prin-
ciple that emerges from these studies is that the specificity
of the enzyme for the amino acid is over-determined: there
is at least one protein sidechain at the appropriate position
in the specificity pocket to form hydrogen bonds with the
amino acid sidechain [20]. 
The cocrystallization of GlnRS and tRNAGln with a stable
glutaminyl-adenylate analog was motivated by the inability
to bind glutamine to the crystalline complex of GlnRS and
tRNAGln, despite considerable effort. Our earliest analysis
of ternary complex crystals into which glutamine had been
diffused revealed electron density for AMP but not for the
aminoacyl-adenylate. These results suggested that the
enzyme is catalytically active in the crystal and that gluta-
minyl-adenylate and/or glutaminyl-tRNA are unstable and
hydrolyze to glutamine and AMP, followed by the dissocia-
tion of glutamine [6]. Analysis of crystals grown in the pres-
ence of glutamine and a non-hydrolyzable analog of ATP
revealed that neither substrate remained bound in the
active site (LFS, unpublished results). A model of gluta-
mine bound to GlnRS was proposed based on the observed
positions of ATP and adenine 76 (A76) of the tRNA [6].
Following the lead of Cusack and coworkers [21], who
used an aminoacyl-adenylate analog in which the labile
ester linkage was replaced by a more stable sulfamoyl link,
we synthesized the corresponding 5¢ -O-[N-(L-glutaminyl)-
sulfamoyl]adenosine analog (QSI) and cocrystallized it as a
ternary complex with GlnRS and tRNA.
Although crystal structures of class I and class II enzymes
have clearly described the mechanism of amino acid activa-
tion [20], they have not yet presented a clear view of the
mechanism of amino acid transfer. To date, crystals of
ternary complexes of synthetase with tRNA and amino-
acyl-adenylate have been limited by disorder or by resolu-
tion limits. A ternary complex between SerRS, tRNA and a
seryl-adenylate analog diffracts to 2.7 Å resolution, how-
ever, the CCA end of the tRNA is disordered [17]. Crystals
of the ternary complex of LysRS, tRNA and a lysyl-adeny-
late analog were poorly ordered and diffracted only to 3.8 Å
resolution [16]. The most complete information has been
obtained by soaking ATP and aspartic acid into crystals of
the binary complex of AspRS and tRNA, which provided a
3.0 Å resolution view of aspartyl-adenylate that had formed
in the crystal [14].
Here, we describe the 2.4 Å resolution crystal structure of
GlnRS complexed with the most abundant of the two
isoaccepting tRNAs in the E. coli cell, tRNA2Gln, and QSI,
which represents the product of the first step in tRNA
aminoacylation and the substrates for the second step.
This structure, which is determined at a resolution suffi-
cient to place water molecules, shows all of the substrates
well ordered in the active site and has allowed identifica-
tion of the structural basis of amino acid selectivity. In
addition, a chemical mechanism for the second step of
the reaction is proposed.
Results
Inhibition of GlnRS by the aminoacyl-adenylate analog
To overcome the low affinity of GlnRS for glutamine in
this crystal form, and to obtain an unreactive substrate
complex, a stable analog of glutamine-adenylate was used
in the crystallization. Ueda and coworkers first described
the synthesis of a synthetic aminoacyl-adenylate analog
in which the phosphate ester linkage of the substrate is
replaced by a more stable sulfamoyl group [22]. The glu-
taminyl-adenylate analog QSI was synthesized (Figure 1)
and its inhibition constant determined. QSI inhibits
GlnRS with a Ki of 1.32 m M – 0.53 m M, which is signifi-
cantly smaller than the Km values of 110 m M and 111 m M
for glutamine and ATP, respectively [23], but is larger
than the expected nanomolar range Ki of an effective inhi-
bitor, suggesting it may accurately represent the aminoacyl-
adenylate intermediate.
Structure determination
Crystals of GlnRS complexed with tRNA and QSI (the QSI
complex) grow under similar conditions and are nearly iso-
morphous with cocrystals of GlnRS complexed with tRNA
and ATP (the ATP complex) [4,5]. Data to a maximum res-
olution of 2.25 Å were measured using synchrotron radia-
tion from crystals frozen in liquid propane and maintained
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Figure 1
The chemical structures of (a) glutaminyl-adenylate and (b) QSI,
showing the difference between the analog inhibitor and the substrate
intermediate.
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at 110°K in a nitrogen gas stream. The structure was solved
by molecular replacement, as implemented in X-PLOR,
using the coordinates of the 2.6 Å resolution ATP complex
(omitting ATP and water molecules) as the starting model
[24,25]. The structure was refined in X-PLOR using data to
the highest resolution limit of 2.25 Å, although the merging
R factors for reflections with Bragg spacings less than 2.4 Å
were greater than 0.50 and contributed little to the total.
The final structure contains the synthetase, tRNA, QSI,
four sulfate ions and 160 water molecules. Rfree is 0.269 with
a conventional R factor of 0.235 and the structure exhibits
good geometry (Tables 1 and 2; Figure 2).
The QSI complex was compared in detail to the ATP
complex. The Ca atoms of the QSI complex superimpose
on those of the ATP complex, with an overall root mean
square (rms) deviation of 0.7 Å. The largest difference is a
rigid-body rotation of 0.9° and shift of 1.7 Å in the unit cell
compared to the ATP complex.  Superposition of the cat-
alytic domain of the QSI complex on the ATP complex
shows few changes in the sidechain positions of residues
lining the active site. There are other differences in both
the protein and tRNA, however, we cannot attribute these
directly to the presence of QSI in the active site because of
the influences of other variables (e.g. QSI, freezing condi-
tions, cryostabilization conditions). A meaningful analysis
of these differences requires further control experiments.
The aminoacyl-adenylate analog lies within the catalytic
domain of GlnRS which is a classic dinucleotide fold, or
Rossmann fold, consisting of two symmetrical halves
(Figure 3a). The two halves (residues 25–100 and 210–264)
of the Rossmann fold are contiguous and bind ATP as well
as the aminoacyl-adenylate. The binding site can be divi-
ded into four subsites, one each for the adenine, the ribose,
the sulfamoyl link and for the amino acid (Figure 3b). The
adenosine moiety of the analog binds to the synthetase in
the same way as that of ATP. The sulfamoyl link interacts
with residues of the His-Ile-Gly-His (HIGH; residues 40–
43) and Val-Met-Ser-Lys-Ser (VMSKS; residues 268–272)
sequences as well as the 3¢ -terminal nucleotide of the
tRNA. The mainchain atoms of glutamine are bound by
residues in the first half of the fold with the exception of
the backbone NH and carbonyl carbon which contacts the
tRNA directly. The sidechain of glutamine forms numerous
interactions with residues from the second half of the fold,
and makes a single electrostatic interaction with a residue in
the first half of the fold. The structure of the GlnRS–
tRNAGln–ATP complex revealed a pocket adjacent to the
a -phosphate of ATP and the ribose of A76 that could
accommodate glutamine [6]. The QSI structure reveals that
the binding locus for glutamine was correctly identified,
although the details of its interaction with GlnRS differ.
Comparison of the aminoacyl-adenylate and ATP-binding
modes
When the ATP and QSI complexes with GlnRS and
tRNAGln are aligned by superimposing the Ca atoms of
the dinucleotide fold (residues 25–100 and 210–264) using
the program GEM [26], the adenosine portions of ATP
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Table 1
Crystallographic data and refinement statistics.
Space group C2221
Cell constants
a, b, c (Å) 238.78, 93.36, 115.26
a , b , g (°) 90.0, 90.0, 90.0
Resolution (Å) 28.0–2.25
Unique reflections 51,376
Redundancy 2–3
Refinement statistics
Residues 8–442, 454–547
Nucleotides (tRNA) 2–76
No. QSI 1
No. sulfates 4
No. water molecules 160
B factor (Å2) residues 8–442, 454–547 46.5
tRNA 60.5
QSI 41.6
sulfates 88.6
water molecules 43.2
Rcryst (28.0–2.25 Å)* 0.235
Rfree (28.0–2.25 Å)† 0.269
Rms deviation from ideal bond lengths (Å) 0.005
bond angles (°) 1.230
*Rcryst = S h [ |Fobs(h)–Fcal(h)|/S hFobs(h)], where Fobs(h) and Fcal(h)|
are the observed and calculated structure-factor amplitudes. †Rfree is
computed from a test set made up of a randomly selected 10% of
reflections from each resolution shell [38].
Table 2
Data measurement statistics.
Resolution Chi2 Rmerge I/error Completeness
50.0 6.67 1.40 0.051 30.8 96.5
5.67 4.50 1.48 0.051 27.7 94.8
4.50 3.93 1.52 0.060 22.9 92.1
3.93 3.57 1.85 0.090 19.0 95.4
3.57 3.32 1.84 0.093 18.0 96.8
3.32 3.12 1.90 0.099 16.2 95.0
3.12 2.96 2.16 0.134 13.4 92.6
2.96 2.83 2.29 0.186 10.5 90.2
2.83 2.73 2.26 0.237 8.4 89.0
2.73 2.63 1.99 0.299 6.8 86.9
2.63 2.55 1.61 0.343 5.3 86.2
2.55 2.48 1.44 0.393 4.4 85.2
2.48 2.41 1.25 0.471 3.5 85.1
2.41 2.35 1.16 0.530 3.0 83.5
2.35 2.30 1.20 0.563 3.0 83.2
2.30 2.25 3.29 0.534 2.9 67.7
50.0 2.25 1.72 0.084 17.2 88.8
Rmerge = S hS i | I(h)–Ii(h) |/S hS iIi(h), where Ii(h) and I(h) are the ith and
the mean measurement of the intensity of reflection h. Resolution, Chi2,
Rmerge, I/error (intensity divided by error) and completeness values
were taken from SCALEPACK results [37].
and QSI superimpose almost exactly. The only difference
is an additional hydrogen bond between the ribose of QSI
and Thr230 in the QSI complex. The sulfamoyl group of
the inhibitor superimposes on the a -phosphate of the
ATP and its interactions with the protein are essentially
the same. The nitrogen atom of the sulfamoyl of QSI con-
tacts the O2¢ of A76, while in the complex with ATP this
interaction is made by an a -phosphate oxygen.
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Figure 2
Stereoview omit map showing electron
density for QSI. A simulated-annealing omit
map was calculated using all data from 50 Å
to 2.3 Å resolution from a model without QSI.
The refined model of QSI is superimposed on
the electron density of a s A weighted 2Fo–Fc
map contoured at 1.0 s above the mean
[44,45].
Figure 3
The interactions between QSI and GlnRS.
(a) Stereoview showing the principal
interactions between QSI and the synthetase.
The two halves of the Rossmann fold
(residues 25–100 and 210–264) are colored
turquoise and purple, respectively. The KMSK
sequence is shown in dark blue. QSI bonds
are colored gold, with carbon, nitrogen,
oxygen and sulfur atoms in green, blue, red
and yellow, respectively. A76 is gray; water
molecules are shown in turquoise. Sidechains
are colored according to their properties:
hydrophobic, gray; positively charged, blue;
negatively charged, red; polar, green. For
reasons of clarity, Phe233 is omitted from the
image. (b) Schematic diagram of the principal
hydrogen-bonding and electrostatic
interactions made by QSI in the ternary
complex with GlnRS and tRNAGln. Dashed
lines indicate hydrogen-bonding or
electrostatic interactions within 2.8–3.2 Å.
Distances between the two electronegative
atoms are given in Å.
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Structure
The b - and g -phosphates of ATP and the glutaminyl group
of QSI extend in opposite directions from the a -phosphate
(Figure 4). The b - and g -phosphates of ATP stretch
towards Lys270 while the glutamine sidechain of the inhi-
bitor is oriented roughly 180° away towards Arg30. This is
the exact relative orientation of the nucleophile and the
leaving group expected for an in-line attack of glutamine
on ATP that results in the formation of Gln–AMP with the
release of pyrophosphate.
Many of the water molecules in the active site are identi-
cally positioned in the two structures. In particular, one of
these conserved water molecules, found in both the ATP
and QSI structures, forms part of the glutamine-binding
site. Three of the water molecules bound to the ATP com-
plex are replaced by the peptide carbonyl, amide nitrogen
and Ne 2 of glutamine in the QSI complex (Figure 4).
The structures of the ATP and QSI complexes also differ
by the presence of cations or anions that are bound in the
active site. The ATP-bound structure contained a single
magnesium cation between the b - and g -phosphates of the
ATP [6]. Although there are no metal ions bound in the
active site of the QSI complex, a sulfate anion binds in a
position that is shifted slightly from the location of the b -
and g -phosphates of the ATP. The sulfate anion is bound
by Arg260, His40, His43 and the backbone carbonyl of
Met268. Concomitant with the interaction between the
sulfate and the backbone carbonyl of Met268, the helix
directly C-terminal to the Lys-Met-Ser-Lys (KMSK) signa-
ture sequence shifts towards the active site by 1 Å. The
first lysine in the KMSK signature sequence interacts with
the a -phosphate of ATP in the ATP complex [6].
Discussion
How is specificity for glutamine achieved?
The specificity of GlnRS for glutamine arises from its
interactions with both ‘prongs’ of the glutamine fork: the
enzyme makes an electrostatic interaction with the sub-
strate carboxyamide oxygen and it positions two obligate
hydrogen-bond acceptors to recognize both hydrogens on
the carboxyamide nitrogen (Figure 5). Recognition of the
carbonyl oxygen of glutamine is accomplished by the posi-
tive sidechain of Arg30 which is within van der Waals dis-
tance (4 Å) of the oxygen atom. Probably, this electrostatic
interaction is mediated by one or more water molecules
that are too poorly ordered to be visible in the electron-
density map. Arg30 is the only positively charged side-
chain within van der Waals or hydrogen-bonding distance
of the substrate carbonyl oxygen. 
The two amide hydrogens of the glutamine sidechain are
recognized by the hydroxyl group of Tyr211 and a water
molecule, both of which are obligate hydrogen-bond accep-
tors (Figure 6). The first hydrogen interacts with a water
molecule (Wat1050), which is an obligate hydrogen-bond
acceptor resulting from a web of hydrogen-bonding interac-
tions initiated by Asp219 and Glu257. The second hydro-
gen interacts with the hydroxyl group of Tyr211; this
hydrogen is also an obligate hydrogen-bond acceptor as a
result of the network of interactions initiated by the main-
chain carbonyl of residue Asn236, the carboxyamide oxygen
of Gln255, and Asp212. Except for Gln255, these residues
are invariant in GlnRS from Escherichia coli, Homo sapiens,
Saccharomyces cerevisiae, Dictyostelium discoideum, Lupinus
luteus and Tricomonas vaginalis (Figure 7).
The binding site provides the structural basis for the
enzyme’s recognition of glutamine and rejection of aspara-
gine. GlnRS discriminates against protonated glutamate by
recognizing both hydrogens on the carboxyamide nitrogen.
If GlnRS were to recognize only one of the two protons,
glutamate might be charged with greater frequency. We
hypothesize that asparagine is not a substrate because its
sidechain is too short to simultaneously allow correct posi-
tioning of its a -carboxyl and interaction of its carboxyamide
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Figure 4
Comparison of the QSI- and ATP-binding sites. The ternary complex of
GlnRS, tRNAGln and ATP [4] and the ternary complex of GlnRS,
tRNAGln and QSI were superimposed using the strands of the
Rossmann fold. After superposition, the adenine rings and ribose
sugars of the ATP (bonds in gray) and QSI (bonds in gold) are nearly
coincident. Carbon, nitrogen, oxygen and sulfur atoms of ATP and QSI
are shown in green, blue, red and yellow, respectively. Water
molecules found in the complex with QSI are colored gold; those
found in the complex with ATP are colored gray. The glutamine moiety
of QSI replaces three water molecules found in the ATP complex.
Water molecule 1050, which is responsible for glutamine specificity,
appears in both complexes.
with the specificity determinants. We constructed a model
of a bound asparagine by assuming the same hydrogen
bond between its a -amino group and the Od 1 of Asp66 as
seen with glutamine and by superimposing the sidechains
of asparagine and glutamine. Because asparagine has one
fewer methylene group than glutamine, its sidechain is too
444 Structure 1998, Vol 6 No 4
Figure 5
Interactions between the glutamine sidechain and GlnRS.
(a) Schematic diagram of the principal hydrogen-bonding and
electrostatic interactions made by the glutamine moiety of QSI (GLN)
in the ternary complex with GlnRS and tRNAGln. Dashed lines indicate
hydrogen-bonding or electrostatic interactions; wavy lines indicate van
der Waals interactions. Distances between the two electronegative
atoms are given in Å. (b) Stereoview showing all the conserved
residues in the glutamine-binding pocket of the QSI complex. Only the
glutamine portion of QSI (GLN) is shown; bonds are colored gold, with
carbon, nitrogen and oxygen atoms in green, blue and red, respectively.
Mainchain atoms of GlnRS are shown in gray. Sidechains are colored
according to their properties: hydrophobic, gold; positively charged,
blue; negatively charged, red; polar, green. Water molecules are
shown as turquoise spheres.
Figure 6
The role of water in specifying glutamine.
Schematic diagram showing the interactions
with water in the ternary complex of GlnRS and
tRNAGln. Dashed lines indicate hydrogen-
bonding or electrostatic interactions within
2.8–3.2 Å; directionality of the hydrogen bonds
is indicated by arrows. Distances are given in Å
between the two electronegative atoms. Only
the glutamine moiety (GLN) of QSI is shown
(in bold). Water molecule 1050 (Wat1050) is
positioned to accept a hydrogen from
glutamine, because both of its hydrogens form
bonds with obligate hydrogen-bond acceptors:
one to Ser227 Og and one to Gln255 Oe 1.
The acceptor status of Ser227 and Gln255 are
due to interactions with Asp219 and Glu257,
respectively. Asp219 accepts a hydrogen bond
from the hydroxyl group of Ser227. Glu257
forms a hydrogen bond to Gln255 Ne 2 and, in
doing so, correctly positions Gln255 Oe 1 to
interact with Wat1050. The second hydrogen
on the amino group of glutamine is also an
obligate donor to the hydroxyl of Tyr211.
Wat1052 is a hydrogen-bond acceptor
because its hydrogens are involved in bonds
with Wat1136 and the sidechain of Gln255.
Wat1136 is able to accept the hydrogen
bond from Tyr211 due to interactions with
residues Asp212 and Asn236.
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short to interact directly with Wat1050 or Tyr211, but its
carboxyamide is too close to be bridged to the protein by
intervening water molecules. Furthermore, the packing
interactions with Tyr211 and the ring of Phe233 would
be altered.
The use of water molecules by GlnRS for amino acid dis-
crimination is another example of water molecules being
used as surrogate protein sidechains. Water molecules
play critical roles in enzyme recognition of nucleic acids
and other ligands, as has been observed in the complexes
of human immunodeficiency virus (HIV) protease with
inhibitors [27] and the Trp repressor with operator DNA
[28]. In fact, water molecules form an integral part of the
recognition interface between GlnRS and the minor groove
of the tRNAGln acceptor stem [4]. In this case, water mol-
ecules lying between Asp235 and the tRNA bases specify
the 2-amino group of G and discriminate against an A–U
base pair [4,29] (LFS, unpublished data).
The crystal structure of the QSI complex shows that the 3¢ -
terminus of the tRNA participates in the formation of the
glutamine-binding site, suggesting that this is the reason
the prior binding of tRNAGln is required for amino acid
activation [30]. The adenine ring and ribose of A76 form
van der Waals contacts with Phe233 and Tyr211, thereby
positioning them and creating part of the glutamine-bind-
ing site (Figure 8). Together, Phe233 and Tyr211 form a
Research Article  Glutaminyl-tRNA synthetase Rath et al. 445
Figure 7
Multiple amino acid sequence alignment of
GlnRS from several organisms showing the
binding-pocket residues described in the text.
The numbers in the boxes refer to the
residues in E. coli GlnRS while the numbers
to the left of the sequences indicate the first
residue of each sequence. The dashes
indicate data missing from the deposited
sequence. The sequences of GlnRS from six
organisms are aligned: E. coli (Ec),
S. cerevisiae (Sc), H. sapiens, cytoplasmic
(Hs), D. discoideum (Dd), L. luteus (Ll) and
T. vaginalis (Tv). 
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Figure 8
Stereoview of the stacking interactions of
Tyr211 (green), Phe233 (green), QSI (gold)
and adenosine 76 (Ade76; gray). The van der
Waals surface of each atom is shown as a
dotted sphere colored according to sidechain
or nucleic acid residue.
hydrophobic lid which seals off the glutamine-binding site
through van der Waals interactions with the aliphatic por-
tion of glutamine. Tyr211 is strictly conserved in all other
members of this class I subclass (GluRS, TrpRS and TyrRS)
and in the one non-member, ArgRS, which also requires
tRNA for the adenylation step [31]. Phe233 is found only in
GlnRS and is conserved in the six sequences (Figure 7).
Mechanism of tRNA aminoacylation
In the aminoacylation of tRNAGln reaction, the 2¢ -hydroxyl
group of the 3 ¢ -terminal nucleotide attacks the carbonyl
carbon of the Gln–AMP intermediate, presumably form-
ing a tetrahedral transition state and generating a negative
charge on the carbonyl oxygen atom. The structure of the
QSI complex suggests that the enzyme facilitates this
reaction in three ways: by increasing the nucleophilicity
of the 2¢ -hydroxyl group; by stabilizing the geometry and
charge of the transition state; and by stabilizing the
leaving group, AMP.
Glu34 may be acting as a general base, through a water
molecule, to enhance the nucleophilicity of the 2¢ -hydroxyl
group of A76 (Figure 9a). In the QSI complex the 2¢ -hy-
droxyl of A76 is 3.0 Å from the carbonyl carbon of QSI, posi-
tioned for the final step in the reaction. Although it has
been suggested previously that proton extraction of the ter-
minal 2¢ -hydroxyl might be accomplished by the a -phos-
phate of ATP [6,14], this appears unlikely due to the low
pKa of the phosphodiester (pKa 1.0) [32]. Glu34 is buried
except for an oxygen atom (Oe 1) which interacts with two
water molecules, Wat1086 and Wat1139. Thus, the nucleo-
philicity of the 2¢ -hydroxyl group may be enhanced through
a water-mediated interaction with Glu34. This hypothesis
can be evaluated by mutagenesis of Glu34 and analysis of
the mutant protein.
This glutamate residue is strictly conserved in the six
GlnRS sequences (Figure 7) and in TyrRS, but is replaced
by an uncharged polar sidechain in other class I tRNA
synthetases [31]. Use of a similar mechanism in these class
I synthetases would require a general base emanating
from another part of the sequence.
The negative charge formed on the carbonyl oxygen in a
tetrahedral transition state may be stabilized by long
range electrostatic interactions with Arg260, or mediated
by water molecules which are disordered and therefore
not visible in the electron-density map. There are no
other residues or water molecules within hydrogen-
bonding distance of the carbonyl carbon and only Phe233
and Wat1158 are within van der Waals distance. In all
other structures of synthetases complexed with an adeny-
late (all are class II synthetases), the carbonyl oxygen
interacts directly with a polar sidechain: glutamine in the
case of HisRS and GlyRS; a histidine in SerRS; and an
asparagine residue in LysRS [15,33,17,16]. The nearest
candidate in GlnRS is the Arg260 sidechain, which is con-
served in the known GlnRS sequences (Figure 7). In the
QSI complex reported here, Arg260 is bound to a sulfate
ion, the presence of which may be a consequence of the
high concentration of ammonium sulfate used to crystal-
lize the enzyme. As a result, the guanidinium group of
Arg260 is about 7.5 Å from the substrate carbonyl oxygen
atom. In the absence of sulfate, Arg260 may reorient to
interact fruitfully with the transition state. A similar stabi-
lization of the tetrahedral intermediate by a basic sidechain
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Figure 9
Mechanism of transfer. (a) Schematic view of
a modeled ground state for the transfer of
glutaminyl-adenylate to the 2¢ -hydroxyl group
of A76 of the tRNA, based on the structure of
the ternary complex of GlnRS–tRNAGln–QSI.
The ribose 2¢ -hydroxyl hydrogen may be
polarized by a water-mediated interaction
(Wat1086 or Wat1139) with the sidechain of
Glu34, facilitating the nucleophilic attack on
the carbonyl carbon of the adenylate.
(b) Proposed model for the transition state of
the aminoacyl transfer step. The developing
negative charge on the oxygen is
compensated by long range electrostatic
effects from Arg260, possibly mediated by
water molecules. Although not a general acid,
the polarized partial positive charge on the
mainchain NH of Glu34 will help to stabilize
the developing negative charge on the
phosphate oxygen. Lys270 is also likely to be
involved as previously suggested [6].
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may occur in the class II enzyme AspRS, which contains a
serine-mediated hydrogen bond to a positively charged
arginine residue [14]. In addition, because the negatively
charged phosphate of the glutaminyl-adenylate is replaced
by the neutral sulfamoyl group of QSI, we cannot
exclude the possibility that Arg260 interacts with the
phosphate oxygen as well as the carbonyl oxygen during
the reaction. Consistent with this possibility, the side-
chain of Arg260 forms a hydrogen bond to a b -phosphate
oxygen via a water molecule in the ATP complex. This
interaction is replaced by the ionic contact to the sulfate
ion in the QSI complex.
An interesting concept emerges from superposition of
the Rossmann fold domains of the GluRS and GlnRS
enzymes [34]. It is striking that while Arg260 is strictly
conserved in the primary sequence of GlnRS enzymes, it
is not present in any of the other class I enzymes. Never-
theless, superposition of the amino acid adenylate analogs
bound to TyrRS and TrpRS onto that of the GlnRS–QSI
complex and superposition of the Rossmann folds of
GluRS and GlnRS demonstrate that the sidechain of the
first lysine in the KMSK signature sequence and the
Arg260 sidechain of GlnRS are located in similar posi-
tions. The first lysine of the KMSK signature sequence
is absent in GlnRS sequences, which may be explained
by its being functionally replaced by an arginine residue
located seven residues to its N terminus. This structural
alignment supports the conclusion that as the second
lysine of the KMSK signature sequence stabilizes the
transition state during activation, the first lysine of the
signature sequence may stabilize the transition state
during transfer.
The breakdown of the transition state can be facilitated by
stabilization of the AMP leaving group (Figure 9b). The
mainchain amide of Glu34 forms a hydrogen bond to the
sulfamoyl group of QSI, which corresponds to the a -phos-
phate ester link in glutaminyl adenylate. The polarized
partial charge on the mainchain nitrogen of Glu34 will
help stabilize the negative charge on the phosphate
oxygen aiding the departure of AMP.
Biological implications
The ability to discriminate between amino acids, which
may differ by only a single atom, is one of the many
requirements for faithful translation of the genetic code.
Aminoacyl-tRNA synthetases recognize subtle differ-
ences in the shape and chemical signature of an amino
acid and covalently link a specific amino acid to its
correct tRNA. In the case of glutaminyl-tRNA syn-
thetase (GlnRS), the tRNA is required for the activation
of glutamine by ATP. We report here the crystal struc-
ture of a complex formed between a stable glutaminyl-
adenylate analog, GlnRS and tRNAGln. This ternary
complex represents the product of the first step in the
amino acylation reaction and the substrate for the
second step. The structure of the complex reveals the
interactions between glutamine and its binding site.
GlnRS deciphers the identity of the amino acid in exquis-
ite detail by specifically recognizing all functional groups
on the glutamine sidechain. Both hydrogen atoms of the
nitrogen of the glutamine sidechain are recognized by
Tyr211 and a water molecule, which are obligate hydro-
gen-bond acceptors due to a network of interacting
sidechains and water molecules. Glutamate or glutamic
acid are discriminated against because they lack one or
both of the hydrogen atoms needed to form these interac-
tions and the sidechain of asparagine is too short to reach
the carboxyamide specifying groups.
The crystal structure of the ternary complex reported
here shows that the 3¢ -terminus of the tRNA forms part
of the glutamine-binding site and may be the reason that
tRNAGln must be bound before amino acid activation
can occur. The glutamine-binding site is capped at one
end by Tyr211, which forms one of the NH2 specifying
hydrogen bonds to the glutamine sidechain. Tyr211 also
contacts the adenine ring of A76 of the tRNA. The ter-
minal nucleotide of the tRNA therefore appears to stabi-
lize part of the glutamine-binding site by positioning the
sidechain of Tyr211.
Materials and methods
Synthesis of QSI
QSI was synthesized by a method directly analogous to that described
for the alanyl derivative [22], except that 2¢ ,3¢ -O-isopropylidene-5¢ -O-sul-
famoyl adenosine was reacted with the N-hydroxysuccinimide ester of t-
butoxycarbonyl-L-glutamine (Boc-Gln-Osu). The product was obtained
pure in about 75% yield, following chromatography on Florisil eluting with
a gradient of ethanol from 10 to 30% in dichloromethane. The isopropyli-
dene and Boc protecting groups were then cleaved with trifluoroacetic
acid/water (5:2 v/v) as described [35]. After drying by coevaporation
several times with dioxan, the residue was triturated with diethyl ether to
give a solid which was purified by chromatography on Florisil, eluting with
a gradient of 40 to 100% ethanol in chloroform. QSI was obtained as a
white solid and the structure was confirmed by 13C NMR spectroscopy. 
Enzyme activity
The inhibition of enzyme activity was measured as described by
Sherman [36]. In brief, the reaction mixture consisted of 100 mM
PIPES buffer pH 7.0, 10 mM magnesium acetate, 2 mM ATP,
0.25 m M GlnRS, 15 m M tRNA2Gln, between 3 and 21 m M tritiated glut-
amine (3[H]-Gln at a concentration of 2.32 Ci/mM in the assay) and
between 0.2 and 2.4 m M QSI. The reaction was allowed to proceed at
37 ° C with one 20 m l aliquot removed every minute for 4 min. Each
sample was spotted on Whatman 3MM filters, precipitated by placing
the filters in a solution of 5% trichloroacetic acid and the number of
counts incorporated determined by scintillation counting. Competitive
inhibition of tritiated glutamine by QSI was calculated according to the
equation: 1/V = 1/Vmax + Km/Vmax (1 + [QSI]/Ki) (1/[Gln]).
Crystallization
E. coli GlnRS and the tRNA2Gln were purified and crystallized essen-
tially as described [4] except that ATP was replaced by 1 mM of QSI
and the tRNA was refolded prior to setting up crystallization trials. The
tRNA was refolded by preparing a solution of 5 mg/ml in 10 mM PIPES
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buffer pH 7.0 from a lyophilized stock. The solution was heated for
5 min at 60° C in a water-filled heating block, after which 5 mM MgSO4
was added to the tRNA. The block was then removed from the heating
chamber and allowed to cool to room temperature.
The GlnRS–tRNA–QSI complex crystallizes in the same space group as
the GlnRS–tRNA–ATP complex, C2221, and with similar cell dimensions
(a = 238.78 Å, b = 93.36 Å, c = 115.26 Å, a = b = g = 90.0° ). There is
one ternary complex of GlnRS–tRNA–QSI in the asymmetric unit. 
Cryostabilization
To overcome a serious X-ray induced radiation decay problem, condi-
tions were determined under which the crystals could be frozen at
liquid nitrogen temperatures. The crystals were removed from the
crystallization hanging drops and stored at 17° C in a solution contain-
ing 2.3 M (NH4)2SO4, 20% glycerol, 80 mM PIPES buffer pH 7.0,
30 mM MgSO4, 0.02% sodium azide and 1 mM QSI and allowed to
equilibrate for 42 h at 4 ° C. The crystals were flash frozen in liquid
propane after 5–30 min in a second stabilization solution (50% satu-
rated (NH4)2SO4, 20% glycerol, 20% sucrose, 15% xylitol and
1 mM QSI) and transported in a dewar of liquid nitrogen to the syn-
chrotron. The mosaicity of the crystals is significantly increased after
freezing (from 0.2 ° –0.3 ° to 0.93 ° ).
Data measurement and reduction
The QSI complex data were measured at beamline X25C of the
Brookhaven National Light Source equipped with a MAR Research
image plate detector and an Oxford cryosystems cryostream cooler.
The data were measured in 1.0° oscillations at a wavelength of 0.98 Å.
All data were reduced using the programs XDISPLAYF, DENZO and
SCALEPACK of the HKL package [37]. 10% of the data from each
resolution shell was omitted for a free R calculation [38]. The overall R
factor for merging 578,946 measurements to a unique set of 54,527
reflections was 8.4% on intensities in the resolution range 50.0 to
2.25 Å with a chi2 value of 1.72. The dataset is 88.8% complete to
2.25 Å, with an average redundancy of 2–3.
Refinement
The structure was solved by the method of molecular replacement
[24] using the program X-PLOR [25]), a separate RNA parameter set
[39] and the known structure of GlnRS complexed with tRNA2Gln and
ATP [5]. The parameter set for the inhibitor QSI was made using the
program XPLO2D [40]. ATP, waters and QSI were omitted from the
starting model. The initial free R factor was 0.502 for all data between
10 and 2.25 Å resolution (working set = 46,171 reflections; test
set = 5205 reflections) and the QSI inhibitor could not be identified
from difference maps. 
After rigid-body refinement (one body followed by five body [two for the
tRNA and three for the protein]), the free R factor dropped to 0.393
(10.0–2.25 Å resolution) and the inhibitor was clearly visible in a
2Fo–Fc s A weighted difference map. Powell minimization reduced the
free R factor to 0.371 and the R factor to 0.340 with good geometry.
At this point we included the inhibitor in the model. 
Torsional dynamics refinement resulted in a structure with a reduced
free R factor compared to a simulated-annealing protocol [41]. One
cycle of torsional dynamics consisted of 100 cycles of Powell mini-
mization, 1000 steps of 0.002 s of torsional dynamics at 2500°, 50
steps of 0.0005 s of Verlet dynamics at 300° and 150 cycles of
Powell minimization (WA set to one third the recommended value).
Five cycles of torsional dynamics refinement were run, giving a set of
five structures with free R factors between 0.373 and 0.379 and R
factors of 0.327 or 0.328 for all data from 6.0–2.25 Å resolution
(working set = 48,067 reflections; test set = 4896 reflections). Struc-
ture factors were computed from each coordinate set and averaged.
Calculated figures of merit and averaged phases were then used to
calculate a 2Fo–Fc map. The coordinate set with the lowest free R
(0.373) was used as the next model.
A bulk-solvent correction was applied, followed by restrained tempera-
ture-factor refinement using data from 30.0 to 2.25 Å resolution. The
resulting structure (Rfree = 0.262; R = 0.244; rms bonds 0.006; rms
angles 1.22) was rebuilt using the program O [42]. Water molecules
were placed using X-PLOR and the rebuilt structure was minimized
exhaustively (WA set to one quarter the recommended value). Water
molecules with temperature factor values over 60.0 were deleted. The
complex was subjected to a final five cycles of torsional refinement, fol-
lowed by bulk-solvent correction and individual B-factor refinement as
described above except that the waters were kept fixed. The final struc-
ture consists of the ternary complex of the synthetase, tRNA, QSI, four
sulfate ions and 160 water molecules. The final structure was analyzed
using the program PROCHECK [43]. 95% of the sidechains are in
standard rotamer conformations. Three residues map to disallowed
regions of the Ramachandran plot.
Sequence alignment
GlnRS sequences were aligned using the PILEUP algorithm in the
Genetics Computer Group (GCG) package (Wisconsin Package Version
9.1, GCG, Madison, Wisconsin) using a gap weight of 12 and a gap
length weight of four. The following accession numbers were used for the
GlnRS sequences from different organisms: E. coli (135166); S. cere-
visiae (1293729); H. sapiens, cytoplasmic (1351170); D. discoideum
(135165); L. luteus (171146); and T. vaginalis (2245602).
Accession numbers
The coordinates of the QSI complex have been deposited with the
Brookhaven Protein Data Bank, accession number 1qtq.
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